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The recently observed superconductivity in twisted bilayer graphene emerges from insulating
states believed to arise from electronic correlations. In order to clarify the nature of such correlations
we have analyzed the two-orbital Hubbard model in the honeycomb Moire´ lattice with a slave spin
technique. In this model, Mott states arise from local correlations at quarter- and half-fillings.
Quarter-filling would correspond to the filling around which superconductivity has been observed in
these systems. We show that the theoretical expectations from local correlations are not compatible
with the experimentally observed behaviour of the insulating states with temperature and magnetic
field. We argue that the inclusion of non-local correlations can reverse the predictions for the
magnetic and temperature dependencies. Consequences for the critical interactions and possible
pseudogap physics are also discussed.
Unexpected insulating states have been recently ob-
served upon doping a graphene bilayer with a small twist
angle [1]. The stacking misorientation creates a Moire´
pattern with a superlattice modulation corresponding to
thousands of atoms per unit cell. The insulating states
arise when the charge per Moire´ cell is ±2 with respect
to the charge neutrality point and are believed to be due
to electronic correlations [1]. Superconductivity emerges
from the insulating state with two holes per Moire´ cell [2].
Understanding the nature of the insulating state is key
to uncover the origin of the superconductivity.
The band structure of twisted bilayer graphene TBG
at the charge neutrality point features two doubly-
degenerate Dirac cones [3]. The nearby bands at both
positive and negative energies become very narrow at
the experimental twist angle [4]. The electronic charge
in these narrow bands is believed to be concentrated at
the center of each Moire´ cell, in the so-called AA regions
which form a triangular superlattice [5].
The most suitable model for the insulating states is
still under discussion [6–14]. The fillings of the Moire´
bands at which the insulating states are found corre-
spond to an integer number of electrons/holes, exactly
as for Mott states in Hubbard models. Therefore, an
effective Hubbard model for the Moire´ lattice seems a
plausible starting point to describe the insulating and
superconducting states in a TBG. Although the AA re-
gions form a triangular lattice, tight binding models with
such symmetry do not preserve the Dirac cones, hence,
a two-orbital honeycomb lattice, which spans both the
hole and the electron bands, has been proposed [6–8, 10].
Contrary to single orbital systems, for which the insulat-
ing Mott state appears only at half-filling (one electron
per site), in multi-orbital Hubbard models Mott states
are also found when the average number of electrons per
site n is an integer. At large interactions the energy of
the system is reduced if an integer number of electrons is
localized at each atomic site and the system goes through
a metal-insulator Mott transition at a critical on-site in-
teraction U cx. The filling per site in the honeycomb lattice
is defined as x = n/2N with N the number of orbitals per
site. For U < U cx, a metallic correlated state is found: the
quasiparticle weight is reduced with respect to its non-
interacting value and the spectral weight is redistributed
to many-body Hubbard bands.
In a two-orbital model the insulating states can be
found at fillings x = 1/4, 1/2 and 3/4. Experimen-
tally, the charge neutrality point corresponds to half-
filling x = 1/2, 2 electrons per site in the honeycomb
lattice, 4 per Moire´ cell, and the system has the semi-
metallic character expected from the Dirac cone disper-
sion. The insulating states are found at x = 1/4 and
x = 3/4, with 1 and 3 electrons per site (2 and 6 per
Moire´), respectively. This requires that U c1/4 < U
c
1/2, and
an interaction U intermediate between these two values,
such that the system is an insulator at quarter-filling and
a metal at half-filling. The experimental characterization
of the insulating states reveals that the system becomes
metallic with increasing temperature and at high mag-
netic fields [1]. Additionally, there is no sign of symmetry
breaking due to magnetic order.
Mott transitions are frequently studied with mod-
els and techniques that only include local correlations,
namely correlations between electrons on the same
atomic site. This is the case of single-site Dynamical
Mean Field Theory (DMFT) [15], which becomes ex-
act in infinite dimensions, or of single-site slave parti-
cle techniques [16–19]. Non-local correlations, studied
with cluster approaches [20], have to be included to ex-
plain certain properties of cuprates, particularly in the
pseudogap state, and organic superconductors. With the
exception of a few works [21–25], cluster techniques have
been rarely used in multi-orbital models.
Here we show that the analysis of Mott transitions in-
cluding only on-site correlations is not consistent with ex-
perimental observations on the insulating states in TBG
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2FIG. 1: (Color online) (a) Interaction Ucx at which the in-
sulating Mott state emerges for quarter and half-filling as a
function of Hund’s coupling JH in the two-orbital honeycomb
lattice. The range of values of JH for which U
c
1/4 < U
c
1/2
is very small, similarly to other lattices []. (b) Quasiparticle
weight Z as a function of electronic filling x for JH = 0 and
several values of U at zero magnetic field. For symmetry rea-
sons the two orbitals and spins have the same Z. For U = 15t
the system is insulating at x = 1/4 but not at x = 1/2.
Nevertheless correlations are sizable at all dopings, specially
at half-filling. The strength of the correlations is asymmetric
with respect to the 1/4 insulating state due to the asymmetry
in the density of states and, especially, due to the proximity
to the 1/2-Mott states. The van Hove singularity at x = 0.375
does not seem to have a strong effect on Z.
and it is, hence, necessary to go beyond local correlations
in their description. We support our claim by studying
the effect of local correlations on the two-orbital Hub-
bard model on the honeycomb lattice [6, 7] with a U(1)
slave spin technique [19].
For multi-orbital systems, the on-site interaction
hamiltonian [6, 26] includes the intra- and interorbital
interactions U and U ′, the Hund’s coupling JH and pair-
hopping J ′ terms:
HU = U
∑
jγ
njγ↑njγ↓ + (U ′ − JH
2
)
∑
j{γ>β}σσ˜
njγσnjβσ˜
− 2JH
∑
j{γ>β}
~Sjγ ~Sjβ + J
′ ∑
j{γ 6=β}
c†jγ↑c
†
jγ↓cjβ↓cjβ↑ (1)
with γ and β labelling the orbitals, j the sites and σ, σ˜ the
spin. Here J ′ = JH and U ′ = U −2JH [6, 26]. The value
of the interaction parameters is not known. Yuan and
Fu [6] assume JH = 0 and U = U
′. On the other hand,
Dodaro et al [12] argue that once the effect of phonons
with frequencies ω ∼ 200 meV is included the effective
Hund’s coupling JH becomes negative, as for alkali-doped
fullerides [27]. We do not make any a priori assumption
on the value or the sign of JH . We assume that the equal-
ity U ′ = U − 2JH remains valid for JH < 0 [27]. We
analyze this model with a U(1) slave-spin[19] which only
includes on-site correlations. The slave spin techniques
have been extensively used to study the electronic corre-
lations in multi-orbital systems, such as iron supercon-
ductors, Hund metals and non degenerate systems with
orbital selective Mott transitions [19, 28–33]. The predic-
tions from DMFT and slave spin are in good agreement,
except that the predicted values of U cx are slightly differ-
ent [33, 34]. For simplicity, we restrict the hopping in the
honeycomb lattice to first nearest neighbors between the
same orbital. This assumption does not affect our conclu-
sions and makes the model particle-hole symmetric with
respect to x = 1/2. Hence we restrict the discussion to
x ≤ 1/2. All energies are in units of the hopping t.
The consistency of the model with the experimental
observations requires in the first place that U c1/4 < U
c
1/2.
U cx depends on the atomic gap ∆
U
x = E(n+ 1)− E(n−
1)− 2E(n), in competition with the kinetic energy. Here
E(n) is the interaction energy for n electrons in the atom.
The larger the ∆Ux , the smaller the U
c
x. For the present
model, at half filling, ∆U1/2 = U + JH if JH ≥ 0 and
∆U1/2 = U + 5|JH | if JH < 0 [28, 35]. At quarter filling,
∆U1/4 = U − 3JH if JH ≥ 0 and ∆U1/4 = U if JH < 0.
At zero Hund’s coupling ∆U1/2 = ∆
U
1/4 = U . How-
ever, orbital fluctuations stabilize the metallic state up
to larger values of U at half-filling than at quarter fill-
ing [6, 17, 35, 36] such that U c1/2 > U
c
1/4, consistently with
experiments [6], see Fig. 1(a). The vanishing density of
states at x = 1/2 pushes the ratio U c1/2/U
c
1/4 ∼ 1.28
at JH = 0 to slightly larger values than in other lat-
tices [17, 28, 36]. For instance, in the square lattice, with
a van Hove singularity at x = 1/2, U c1/2/U
c
1/4 ∼ 1.13.
Away from JH = 0, U
c
1/2 decreases while U
c
1/4 has a
positive slope, see Fig. 1(a). These dependences reflect
the behavior of ∆Ux [28]. As a result, the condition U
c
1/4 <
U c1/2 is satisfied only in a very small range of Hund’s
coupling −0.01 < JH/U < 0.01. We approximate such
small values by JH = 0.
Close to the transition, in the metallic side, the elec-
tronic correlations become sizable. The strength of these
correlations can be quantified by the value of the quasi-
particle weight Z. Z = 1 in the non-interacting limit, it
decreases with increasing interactions and vanishes in the
Mott insulator. In the single-site approximation, when
only local correlations are included, Z does not depend
on the momentum and produces band narrowing with
respect to the ab-initio values.
Z is shown in Fig. 1(b) as a function of filling x for
different values of U and JH = 0 (with U
c
1/4 = 14.7t and
U c1/2 = 19.2t). For intermediate interactions U
c
1/4 < U <
U c1/2, Z vanishes at x = 1/4 and is finite but strongly re-
duced around it. Z increases asymmetrically away from
3FIG. 2: (Color online) (a) Uc1/4 as a function of the magnetic field for JH = 0. U
c
1/4 decreases with increasing field due to the
suppression of orbital fluctuations. At large fields the critical interaction saturates to the value expected in a single orbital
model U1orb1/2 , see text. (b) Filling per orbital γ for the majority (down) spin nγ↓ as a function of U for x = 1/4, JH = 0, and
different values of the magnetic field H. nγ↑ = 0.5 − nγ↓. The critical interaction of the single orbital model U1orb1/2 and Uc1/4
are marked with dashed lines. (c) Quasiparticle weight of the majority spin Z↓ for the same values used in (b).
x = 1/4 and is suppressed towards x = 1/2 due to the
proximity of the Mott state. Even though at the charge
neutrality point the system is metallic, the Fermi velocity
is expected to be suppressed by a factor ≥ 3 with respect
to the tight-binding value due to the electronic correla-
tions (Z ≤ 0.33). The presence of a van Hove singularity
at x = 0.375 does not produce very significant effects.
We now focus on the magnetic field dependence of the
insulating state at x = 1/4. Experimentally, the insulat-
ing states disappear at magnetic fields H ∼ 3− 6 T, i.e.
the system becomes more metallic in a magnetic field [1].
This behavior does not depend on whether the field is
applied perpendicular or parallel to the TBG sample,
suggesting that the suppression of the insulating state
is due to the Zeeman effect. This is consistent with the
fact that for localized electrons the orbital effect is not
expected to play a role.
The Zeeman term is written H
∑
jγ(njγ↑−njγ↓). The
magnetic field H produces a spin polarization which is
enhanced by interactions as the bands become narrower
as Z decreases. At x = 1/4, H does not affect the atomic
gap ∆U1/4 but it suppresses the orbital fluctuations reduc-
ing U c1/4, see Fig. 2(a). If the orbitals are completely spin
polarized the system becomes equivalent to a single or-
bital model at x = 1/2 with interactions U ′ = U (for
JH = 0) and critical interaction U
1orb
1/2 < U
c
1/4(H=0).
Except for very small H the spin up band is emptied at
interactions Upol < U
1orb
1/2 , Fig. 2(b). Beyond Upol the
quasiparticle weight of the majority spin band Z↓ goes
to the single orbital result and U c1/4(H) tends to U
1orb
1/2
at large magnetic fields, see Fig. 2(c). For small fields,
Upol > U
1orb
1/2 and Z↓ drops to zero at Upol. These results
indicate that a magnetic field enhances the insulating
tendencies in contrast with experimental observations.
The insulator to metal transition with increasing tem-
perature T observed experimentally is also at odds with
the behavior expected from a charge gap emerging from
local correlations. Though localized electrons have a ten-
dency to order magnetically, the Mott transition does not
require any symmetry breaking. Under this assumption,
and contrary to what happens when the insulating behav-
ior is associated to an ordered state, the entropy in the
Mott state is larger than in the metallic state [15, 37].
The T dependence of the metal-insulator transition in
single-orbital Hubbard models has been extensively stud-
ied using single-site DMFT [15, 38]. Below the critical
interaction U1orb1/2 at T = 0 the system is metallic and the
resistivity increases with T . At a critical T there is a first
order transition to an insulating state whose resistivity
decreases with increasing T , but the metallic behavior is
not restored[38]. This phenomenology has been experi-
mentally observed in oxides [39]. Above U1orb1/2 the system
is insulating at T = 0. The conductance increases with
T due to thermal activation but it does not induce a
transition to a metallic state. These observations remain
unchanged in the two-orbital case [36].
The lack of agreement between the experimental mag-
netic field and T dependences and the expectations from
the model with only local correlations adds to the con-
cern previously raised [12] on the small size of the gap
measured in TBG, much smaller than the expected band-
width and interaction scale. The DMFT treatment of
this model results in a large gap [15].
All these considerations are not restricted to the two-
orbital character of the Hubbard model or to particu-
lar lattices [40] and indicate that the experimentally ob-
served insulating state, which becomes metallic with in-
creasing T and H cannot be described as a non-ordered
Mott state considering only local correlations. Localized
electrons tend to show magnetic or orbital order. This
order is expected to take place at low T . However, sup-
pressing these orders could not restore the metallic be-
havior at high-temperatures and magnetic fields if the
Mott charge gap is open. On the other hand, there are
indications that including the effect of non-local (inter-
site) correlations in the Mott transition can considerably
change the expected dependences, even in the absence
of ordering. Non-local correlations are directly related
4with inter-site magnetic interactions. Their effects in
non-ordered states have been studied with cluster ap-
proaches [20] in the context of organic superconductors
and cuprates, where they play an important role. Un-
like local correlations, these effects do depend strongly
on the lattice and become more important when the ef-
fective dimension is reduced, as in the honeycomb lattice,
with small coordination number z = 3. Analysis of non-
local effects in multi-orbital models are very scarce [21–
25] and to our knowledge there are no studies which in-
clude these non-local correlations in the two-orbital hon-
eycomb lattice. Below we discuss possible effects in the
present model in the non-ordered Mott state on the basis
of known results in the two-orbital square lattice and in
single-orbital models with different lattice geometries.
Non-local correlations shift the Mott transition to a
smaller critical interaction U c,non−locx [20, 23, 41–44].
This is due to the interplay between local charge and
short range inter-site correlations. The latter are closely
related to the ordering tendencies of the system. In
single-orbital models the inter-site correlations are an-
tiferromagnetic AFM. The presence or absence of long
range order depends on the degree of frustration in the
lattice. In multi-orbital models the inter-site correlations
depend on x, on the lattice, and on JH [24, 25], and
involve both magnetic and orbital degrees of freedom.
Positive (negative) Hund’s coupling promotes ferromag-
netic and antiferroorbital (AFM and ferroorbital) corre-
lations [45, 46]. For JH = 0 there is a large degeneracy
and ordering tendencies vary for different lattices. At
x = 1/2 the square lattice displays Ne´el order [46, 47]
while the ground state of the honeycomb lattice is a va-
lence bond solid [48]. In the strong coupling limit, the
honeycomb model at x = 1/4 and JH = 0 is a quantum
spin-orbital liquid [49, 50] while the square lattice under-
goes a spontaneous dimerization and Ne´el order [51]. The
different ordering tendencies prevent the results for the
square lattice to be straightforwardly applied to the hon-
eycomb one. However, predictions from non-local corre-
lations in the former may help envisage possible effects
in the latter.
Close to the critical interaction, the density of states
and the temperature and magnetic field dependences are
controlled by the inter-site correlations. If they have
AFM character, as for zero [23, 45] or negative Hund [45],
a sufficiently large magnetic field could suppress them
and induce a transition to a metallic state. Similarly,
magnetic and orbital correlations are expected to be sup-
pressed with T . The suppression of AFM correlations
with T in square and honeycomb single-orbital models
at half-filling, even in the absence of ordering, reverses
the slope of the metal to insulator transition critical tem-
perature as a function of U [41, 42]. Consequently, close
to the critical interaction the low T state is insulating
and the high T is metallic, opposite to the results from
local correlations, and in better agreement with experi-
ments. The suppression of the AFM correlations with T
has been also observed in cluster DMFT calculations in
the paramagnetic two-orbital square lattice at x = 1/4
and JH = 0 [23].
An interesting aspect of non-local correlations is the
possibility to find pseudogap physics. In the single-
orbital square non-local correlations induce momentum
dependent correlations when the system is doped away
from the insulating state [52–58]. This momentum de-
pendence has been observed in cuprate superconductors
and it is believed to be at the heart of the pseudogap phe-
nomenology. The presence or absence of a pseudogap in
the spectrum is linked to the degree of magnetic frustra-
tion, as previously discussed in studies of the triangular
lattice [58–60]. The orbital degeneracy in the present
model introduces new complexity in the phenomenology.
Finally, we note that non-local correlations can al-
ter the ratio between the critical interactions at quar-
ter and half-filling. In the square lattice the dependence
of the critical interaction on Hund’s coupling becomes
much weaker than at local level and this ratio is no-
tably altered resulting in U c,non−loc1/2 /U
c,non−loc
1/4 < 1 for
JH=0 [23, 24], opposite to the experimental observa-
tions. As discussed above, this result for the square lat-
tice cannot be straightforwardly translated into the hon-
eycomb one. Specific calculations for the honeycomb lat-
tice should address whether the inequality U c,non−loc1/4 <
U c,non−loc1/2 can be achieved in any range of parameters.
In summary, we have shown the necessity to include
non-local correlations to clarify whether the insulating
states recently observed in twisted bilayer graphene can
be described in terms of a Mott insulating state of a two-
orbital Hubbard model in the honeycomb lattice. The
experimental observations for the magnetic field and tem-
perature dependences are not in agreement with the pre-
dictions for a non-ordered Mott state including only local
correlations but could be consistent once non-local corre-
lations are included. In particular the insulator to metal
transition with magnetic field suggests that AFM corre-
lations are playing a role in the insulating states. The
inclusion of non-local effects could produce momentum
dependent correlations and a pseudogap in the spectrum
of doped systems, similarly to cuprate superconductors.
Finally, the inequality U c1/4 < U
c
1/2, necessary to repro-
duce the metallic character of the charge neutrality point
and satisfied for very small Hund’s coupling in calcula-
tions including local correlations, could be affected by
non-local effects. Whether this inequality is robust to
the inclusion of non-local correlations should be studied
in future work.
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